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Abstract
Thermodynamics of the Copper-Iron-Sulfur
System at Matte Smelting Temperatures
by
William Anthony Krivsky
Submitted to the Department of Metallurgy on
February 8, 1954 in partial fulfillment of the requirements
for the degree Doctor of Science
The thermodynamic activity of sulfur was measured in
the copper-iron-sulfur system by equilibrating hydrogen
sulfide-hydrogen gas mixtures with molten solutions at
11500, 1250 0, and 13500 C. Three different phase fields
were investigated: a single phase sulfide melt; a two
phase field, liquid metal-liquid sulfide; and a three phase
field, liquid metal-liquid sulfide-solid gamma iron.
This thermodynamic investigation resulted in accurate
phase boundary determination in the region studied.
Further evidence was found substantiating the revision of
miscibility gap locatior in the copper-sulfur binary system;
a new diagram was presented.
Sulfur activity generally is decreased slightly by
the addition of iron in the miscibility gap; sulfur
activity increases very rapidly with addition of sulfur
in the one phase field.
An original method of Gibbs-Duhem integration was
used to derive copper and iron activities in the two
liquid region at 1350 0c; copper and iron activities were
also obtained at this temperature in the one phase field.
It was found that the activity of cuprous sulfide deviated
negatively from ideality along the cuprous sulfide-ferrous
sulfide join.
Thesis Supervisors: R. Schuhmann, Jr.
Associate Professor of Metallurgy
John Chipman
Professor of Metallurgy
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I. Introduction
I-1 General
With the progress of human civilization, man finds
himself drawing on the stored resources of the earth at an
ever increasing rate. Because of basic economic laws the
practice followed in exploiting the wealth deposited in the
world is to take first that which may be obtained with the
least amount of -effort.. In the field of rining and metallurgy,
this procedure is implicit in the definition of an ore body
as a mineral deposit that may be mined and processed into a
useful product at a profit under existing economic conditions.
As a consequence of this, man finds that with the passage of
time he must either expend more and more energy to obtain
the same amount of material for his use or he must become
more efficient in his effort. In many cases while the impact
of mineral exploitation has not been such as to seriously
affect the total amount of an element in the earth's crust,
it has been sufficient to tremendously increase the effort,
necessary to obtain it by known processes. This situation
will become even more acute in the future; realizing this,
scientists and- engineers -are striving today to make more
efficient our efforts in order that elements will be con-
tinually available to the needs of civilization despite the
inexorable decrease. in their concentration in ore bodies.
Such efforts may be expected to lead to improvements in
the present method and the development of entirely new
ones.
In the field of extractive metallurgy considerable
progress has already been made toward more efficient pro-
cessing. Basic studies of the physical chemistry of the
reactions involved in the iron blast furnace, the steel
open-hearth furnace, and the zinc and magnesium retort are
examples of useful contributions made to our understanding
of these operations. This information intelligently used
provides a firm basis for practical process development and
improvement.
The great need for similar studies into copper smelting
reactions was pointed out initially by Schuhmann1 and more
recently by Ruddle 2. Both have outlined specifically the
basic information necessary to bring about our understanding
of the process. This thesis constitutes a small part of the
integrated long-term research program being carried out by
Schuhmann and his students. It deals specifically with the
copper-iron-sulfur system at 1150, 1250, and 1350 0C having,
as its broad goal the determination of chemical activities
of the, constituents.
This system is the closest approach one may make to a
commercial copper matte. and yet confine himself to a ternary
system. The total amount of copper, iron, and sulfur in a
reverberatory mattes is roughly 90-99% of its total weight.
Principal other constituents are oxygen, precious metals,
2
zinc, lead, bismuth, antimony, and arsenic * Table 1 gives
the composition of various commercial mattes, while Figure 1
3Cu
Fe 1h 2h -36 /46 6 1 &5
Fe S
Figure 1
Location of Commercial Matte Compositions in
the Ternary Cu-Fe-S
System (Reuleau-)
4Table 1
Analyses of Typical Reverberatory Mattes
Percentage
Cu S Fe Fe304 Zn Pb Bi As Ag Ai
i\oranda
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korenci
Mufulira
19.3 22.5'
22.0 24.5
35.72 26.3
61.10 23.4
48.3
41.4
33.9
14.3
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4.3
.02 .004 .407 .0058
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Source
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locates commercial matte compositions on the ternary diagram
of the system3. It is quite fortunate that this molten solu-
tion may be quite adequately described by so few components
when one considers the complexity of such things as an open-
hearth bath. Oxygen, chemically speaking, is the principal
other constituent of a commercial matte and was rigorously
excluded from the present investigation; it will be the
subject of a forthcoming research in this same overall program.
1-2. Background of the Present Study
The recent monograph of Ruddle2 does an excellent job
of indicating the present state of our knowledge of the
copper smelting process. His brief treatment of the process
itself is recommended to the reader who is not familiar with
the extractive metallurgy of copper. In planning the present
study certain earlier researches proved to be exceedingly
useful. These fall generally into two categories; phase
diagram determinations and chemical activity measurements.
The proper starting point for any thermodynamic study
is the phase diagram of the particular system being studied.
This research was fortunate in having at its disposal quite
complete phase diagram information. The earliest phase
diagram study was done by Reuleaux3 ; his results are given
in Figure 2 which represents the liquidus surface of the
system. Dotted lines in the diagram indicate boundaries
of surfaces in which copper, iron, ciprous sulfide, and
iron sulfide are the primary solid precipitates upon cooling
6S
Figure 2
Liquidus Surface Cu-Fe-S System (Reuleaux3)
7below the indicated liquidus temperature. The diagram in-
dicates two ternary invariant points in the system; one a
peritectic near the copper corner at 10850C and the other
a eutectic near the Cu2S-FeS join at 915 0C. The latter
explains the lack of agreement between other investigators4' 5
who attempted to locate a eutectic in the pseudo-binary system
Cu2S-FeS without the benefit of a controlled sulfur pressure.
The very large miscibility gap in the system is of both
scientific and practical interest. Moving toward the sulfur
corner from points on the Cu2S-FeS join the sulfur pressure
rises very rapidly to one atmosphere; consequently, this
2
region may be studied only at elevated pressures. Ruddle
has aptly pointed out the shortcomings of Reuleauxts worx
particularly in that the conditions of the experiments did
not represent equilibrium due mainly to cooling rates used,
lack of sulfur pressure control, and possible oxygen con-
tamination.
More recently Schlegel and Schullerb have published the
results of their detailed study of the phase relationships
in the copper-iron-sulfur system. Figure 3 is the liquidus
surface diagram resulting from this work. Using thermal,
x-ray, and optical analysis, these workers utilized inert
atmospheres for melting when studying the parts of the diagram
where the sulfur pressure was low. In regions of higher
sulfur pressure melts were heated in sealed, evacuated tubes
and allowed to furnish their own sulfur pressure. Comparison
Isothermal Section Cu-Fe-S System - 900 0C (Schlegel and Schuller 6)
Figure 3.
Figure 7.
9of this work with that of Reuleaux indicatesa liquidus
surface of the same general shape and characteristics but
with a somewhat wider miscibility gap. Schlegel and Schuller
also published vertical sections through various portions of
the ternary system. From these sections the author has drawn
isothermal sections for the experimental temperatures of this
investigation. These are reproduced as Figures 4, 5, and 6.
It should be stated that in drawing these sections it was
found necessary to alter slightly certain boundaries in order
not to violate the phase rule. This difficulty was due at
least in part to the size of the vertical sections published.
The presence of many boundaries which were strongly temper-
ature dependent made establishment of the exact point of
intersection between an isothermal line and a phase field
boundary quite difficult. In certain cases sufficient doubt
existed to convince the author that a portion of this in-
vestigation should be devoted to locating certain phase field
boundaries. This was particularly true in the case of the
boundary between the three phase field solid iron-liquid
matte-liquid copper alloy and the two phase field liquid
matte-liquid copper alloy. It will be noted that the same
phase fields are present at all three temperatures. The
most marked variation between the sections is due to the
strong temperature dependence of the solability of iron in
the two liquid phases constituting the miscibility.gap.
Cu
Fe 10 20 30 -40 50 60 70 80 90 S
FeS 1-08 %S--
Figure 14 6
Isothermal Section Cu-Fe-S System 1150C (Schlegel & Schuller6)
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Isothermal Section Cu-Fe-S System (Schlegel & Schuller6 )
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Figure 7 is an isothermal section of the system at 90000
and indicates readily the primary solid precipitates re-
sulting from cooling molten mattes. It is striking to note
the large area of the sections at all temperatures which
represent one or two liquids saturated with solid iron.
Figure 8 is a vertical section through the ternary system
along the Cu2S~FeSl.08 join and represents, to the best of
the author's knowledge, the only such pseudo-binary diagram
for this system which was determined under conditions of an
equilibrium sulfur pressure. It should perhaps be noted
that the join Cu2S-FeSl.08 passes through the ternary eutetic
point whereas the join Cu2S-FeS does not. This is also true
of Reuleaux's diagram. Jensen7 has studied the solid solution
FeSx and reports an iron deficiency in the lattice of the
congruently melting sulfide. This sulfide containing 38.3%
sulfur melts, at 119100; its chemical formula corresponds
to Fel2313 or FeS1 .08 '
The only sulfur pressure or activity measurements yet
reported in the copper-iron-sulfur system are those of
Rosenqinst and Oox 8. Their experimental temperature was
155000 and range of sulfur contents were from zero to 3.5%
by weight. Figure 9 represents their results which are of
more general interest to steelmaking rather than copper
smelting because of the experimental temperatures and
compositions.
1400
Cul FeS30O
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Cu4
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500!Cg~S
Cu F S
200
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0 40 | 20'
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Figure 9
Effect of Cu Addition on S Activity in Fe
15500C
(Rosenqvist and Cox 8 )
Since the ternary system copper-iron-sulfur is bounded
by the binary systems copper-iron, iron-sulfur, and copper-
sulfur, these systems are of interest to this investigation.
The phase diagrams are reproduced in Figures 10-12. Chipman9
has calculated the activities of copper and iron from the
phase diagram of this binary system at 1600 C; these results
are given in Figure 13. Sulfur activity measurements have
been made on the iron-sulfur system over a range of composi-
tion and temperature of interest to copper smelting by
Mauer, Hammer, and MobiuslO; their results are summarized
in Pigure 14. In the copper-sulfur system Schuhmannand
Moles have made sulfur pressure measurements from the
edge of the miscibility gap to slightly beyond a composition
corresponding to stoichiometric cuprous sulfide at the same
experimental temperatures as will be used in this investi-
gation. Their experimental results are given in Figure 15;
Figure 16 is the result of their Gibbs-Duhem integration,
utilizing the sulfur activity data yielding activities of
copper and cuprous sulfide. The work of Schuhmann and
Moles also indicates a discrepancy in the published phase
diagram with respect to the location of the edge of the
miscibility gap at the high sulfur end. Their best values
are approximately 2% higher than previously believed and
are 19.4% sulfur at 135040, 19.6% at 12500C, and 19.8% at
1150 0C. These are in general agreement with the work of
Jensen who found 19.796 at 11050 C. On the copper rich
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Cu-Fe Binary System
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Sulfur Activity in the Fe-S Binary System
(Mauer, Hammer, Mobius 10)
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Figure 15. Sulfur Activity in the Binary System Cu-S
(Schuhmann and Moles 1 1 )
4.,
4
Figure 16. Cu and Cu2S Activity in the Binary System Cu-S
(Schuhmann and Moles1 )
0.355
side of the miscibility gap surface activity measurements
have been made by Sudo 1 3 and Smith1 4 at several temperatures.
Their results are compared in Figure 17. It is seen that
the agreement between the two investigators is not particularly
15good. Rosenqvist has studied the following two reactions:
1. CaS(s) + H20 (g) ," CaO(s) + H2S(g)
2. S(Cu) + CaO(s) + H2(9);;. CaS(s) + H20(g)
By adding the two reactions he obtains values of the ratio
PH2 S /PH 2 for the reaction
S(Cu) + H2 () w;H 2S(g)
This study of the second reaction was done only at one temper-
ature (120000) but compares quite favorably with those of
Sudo as shown in Figure 18. Although agreement between these
three studies does not seem to be sufficiently good so as to
establish the thermodynamics of sulfur in dilute solutions
with copper, they -all indicate Henry Law behavior of sulfur
up to the formation of the copper sulfide phase. Further
all investigations indicate a lower solubility of cuprous
sulfide in liquid than is indicated by the present phase
diagram due to Rhines.l6  It appears that the miscibility
gap in the system copper-sulfur is somewhat larger than
previously believed.
Schuhmann and Moles has determined the equilibrium
constant for the following reaction
Cu2S(l) + H2 (g) 2Cu(l) + H2S('g)
ki= aGu2 pH2 S
aCu2' FH2
76 -
1350 /
5 -/1350
/SUDO' ( HSCH'U)HMANN a MOLES"
S(SMITH
4,/1250 / (RHINES' 6 )
WI / / 1350
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1250 1150
1150
2 (SMITH' 4 )
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0
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Figure 17
Sulfur Activity in Cu-S System
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Figure 18
Activity of S at Low Sulfur Contents
(Rosenqvist15)
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They arbitrarily choose the activities of both copper and
cuprous sulfide to be unity when the melt corresponded in
composition to stoichiometric cuprous sulfide. Consequently,
at this composition
- T 2s
TH2
These results indicate the following relationship:
log ki= 2630/T + 0.59
I-3. The lhase Rule and the Copper-Iron-Sulfur System
In planning experimental work on a new thermodynamic
system it is necessary to carefully consider what must be
done in order that unique values be obtained for all inten-
sive properties. If measurements are made on the system
while these properties are not fixed by the experimental
procedure, then it is obvious that a great deal of effort
will be wasted. The guiding principle to the investigator
in this instance is the phase rule which states that
f = c + 2 - p
(where f is the degrees of freedom or the variance of the
system, c is the minimum number of independent components
necessary to specify completely the composition of each
phase present at equilibrium, and p is the number of phases
present at equilibrium.
In this investigation the system has three components;
copper, iron, and sulfur. Within the experimental limits of
this study sulfur is the only component which enters the
gaseous phase. The variance of the system may be considered.
to be the temperature, the pressure of sulfur vapor and the
composition of the condensed phases. Referring to Figures
4, 5, and 6 it will be seen that the number of condensed
phases present at equilibrium is dependent on the portienn
of the isothermal section being considered, but that it is
limited to a maximum of three and a minimum of one. Con-
sequently, the total number of phases present at equilibrium
varies from four to two.
When three condensed phases are present the phase rule
states that the system has only one degree of freedom. Con-
sequently, if the temperature alone is arbitrarily fixed,
all intensive properties of the system are determined. The
composition of the three condensed phases and the pressure
of sulfur vapor cannot be altered except by change of
temperature. On the other hand, had we chosen to fix the
pressure of sulfur vapor in the three phase field, then
there would be only one temperature and one fixed composi-
tion for each phase which could exist at equilibrium.
In two phase fields of the isothermal section the
system possesses two degrees of freedom. Fixing the tempera-
ture and the composition of both phases will automatically
determine the sulfur pressure. Similarly, in the one phase
region the system has three degrees of freedom, and it is
necessary to fix the temperature, chemical composition of
the condensed phase and the sulfur pressure before the in-
tensive properties of the system are determined.
w.
In the present investigation mixtures of hydrogen and
hydrogen sulfide were used to control the pressure of sulfur
in the gaseous phase# It is implicitly assumed that hydrogen
is not a chemical component of any appreciable significance
in this system but only serves, with hydrogen sulfide, as a
convenient measure of sulfur pressure.
I - 4. Scope of Present Research
Complete activity data on a ternary system at high
temperatures represents years of experimental work by many
different investigators. Any single undertaking must
necessarily be limited in scope. As this present study
represents the first activity measurements in the copper-iron-
sulfur system of broad interest to the copper smelting process,
it was felt that the most useful approach would be one of a
broad, exploratory nature which would serve to point out
areas for future fruitful research. It was also considered
important that significant aspects of the phase diagram be
verified in the early thermodynamic investigations. Further
it was realized that in order to most easily utilize activity
data of one measured component for calculation of the
activities of the other two components of a ternary system,
it is necessary to follow a certain pattern in obtaining the
primary data. The limitations of the present methods of cal-
culating the activities of those components which are not
17-20
directly measured was appreciated, and it was hoped that
some contribution might be made in this general realm.
I 'I
With this philosophy in mind it was undertaxen to in-
vestigate quite completely the sulfur activity variation in
the miscibility gap at the... temperatures 1350, 1250, and
115000. This would serve as a check on several important
phase field boundaries as well as providing important thermo-
dynamic information. It was further planned to make sufficient
measurements in the one phase field so that the general shape
of the isoactivity curves for all three components for at
least one temperature might be generally mapped out.
The experimental means of realizing the goals indicated
above are described in a subsequent section. Suffice to
point out at this time that the work was carried out in the
presence of from one to three condensed phases.- Preliminary
experiments were necessary to point out the best techniques
for each particular system. Adequate methods were developed
for sampling separately two liquid phases in equilibrium.
The general experimental approach was to equilibrate
known mixtures of hydrogen-hydrogen sulfide gas mixtures
with mattes of various compositions. From the well-known
free energy values for the gaseous hydrogen sulfide dis-
sociation 21, it was possible to measure the activity of sulfur
in the melt. Once the activity of sulfur was established
experimentally as a function of temperature and composition
it would be possible to calculate the activities of copper
and iron by means of a Gibbs-Dthem integrati'oin for.a*
ternary system.
II. Description of Equipment and Materials Used
ftIvl. General Requirements
In designing the equipment for use in this investiga-
tion certain guiding principles were kept in mind.
Since it was planned to measure equilibrium sulfur
pressures of liquid mattes by means of hydrogen-hydrogen
sulfide gas mixtures, it was necessary to have a gas flow
train which would be sufficiently flexible to permit the
-use of wide range of gas compositions and yet supply a
closely controlled purified mixture for an extended period
of time. Equilibrium was to be determined by comparison of
the composition of the gas mixture before and after the gas
was bubbled through the melt. Consequently, it was necessary
to have gas analysis equipment of an accuracy at least equal
to the estimated accuracy of the chemical melt analysis.
Purther, provision had to be made for the analysis of a
broad range of gas compositions because of the large
variation in sulfur pressure expected.
The furnace necessary for this investigation had to
allow close temperature control and be capable of continuous
operation for periods of six to eight weeks. The nielt
contained in the furnace had to be as pure as possible
and remain so for long periods. The purity of the re-
fractory system and its resistance to chemical attack by
the matte therefore became primary considerations.
30
II.- 2 Gas Flow Train
Figure 19 is a drawing of the gas flow train designed
for this investigation. It consists of three separate
purification and flow control trains for hydrogen, hydrogen
sulfide, and nitrogen; a mixing chamber; and appropriate
fittings for directing the flow to either the furnace or
the analytical apparatus.
The flow control system for each gas consists of inter-
changeable fritted glass resistance tubes across which the
pressure drop is determined by the height of water through
which the gas is allowed to bleed off in parallel circuits
before and after each flowmeter. Hence, a two-fold control
is provided; (1) variation in individual interchangeable
flow resistance tubes of which there were thirteen, and
(2) variation of the pressure drop across the resistance
tube as determined by the depth setting of the movable
bleeder tube in the parallel circuit. Detail of the flow
meter construction and bubbling tube assembly are shown in
Figure 20 . Flow resistances were constructed by Moles and
22
are described in his doctoral thesis. Columns of anhydrous
calcium sulfate were provided in the parallel circuits to
the bleeder columns to prevent the possible diffusion of
water vapor back into the primary gas stream.
Hydrogen was purified of oxygen and water vapor by
passage over a palladium catalyst obtained from the Baker
Company and subsequently through columns of anhydrous
3!
FIG. 19GAS SUPPLY APPARATUS
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calcium sulfate and phosphorous pentoxide. An indicator
was placed in the calcium sulfate column to determine when
the drying agents should be replaced. Hydrogen sulfide was
dried by passage through phosphorous pentoxide. Oxygen and
water vapor were removed from nitrogen by passage over copper
heated to 50000 and through a phosphorous pentoxide column.
The gas flow train was entirely of glass construction
from gas tank to furnace except for very short tygon
connections at the tank and furnace. For safety purposes a
mercury pressure relief valve was provided near the beginning
of the hydrogen and hydrogen sulfide flow trains. A by-pass
train was inserted to allow flushing of the individual flow-
meters after changing flow resistances without introducing
air into the main gas stream. Needle valves were provided
in the lines to the furnace and to the analytical apparatus
after the final flowmeter to regulate the rate of flow to
these units. Since calculations indicated that laminar
flow existed in the eight millimeter tubing used throughout,
a mixing chamber was provided after the gases were brought
together. This chamber consisted of a U-tube made of 1 1/4
inch diameter tubing filled with glass beads of 1/8 to 1/4
inch diameter. All waste gases were consolidated in a
manifold which was connected to the laboratory flue system.
II - 3 Gas Analysis Apparatus
The principle of the gas analysis method used was the
same as that used in the work of Schuhmann and Moles 11
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The equipment used was, however, of an original design and
is shown in Figure 21. Generally, the method involved
admitting the gas mixture of hydrogen-hydrogen sulfide into
an evacuated volume until a pressure of approximately one
atmosphere was reached. The pressure and temperature of
the gas were then measured. An 800 ml.beaker of water about
the bulb served both as a thermostat and a convenient means
of measuring the gas temperature. This thermostat was then
removed and the mixture was immersed in liquid nitrogen.
Hydrogen was selectively removed by a vacuum pump. The
remaining hydrogen sulfide was then re-vaporized and its
partial pressure alone determined. A multiplying or crude
McLeod gauge was used to measure accurately small pressures
of hydrogen sulfide. The apparatus was capable of analyzing
hydrogen - hydrogen sulfide gas mixtures ranging in composi-
tion from 0.1 to 100% hydrogen sulfide. A detailed account
of the analytical procedure is given in Appendix A. Accuracy
of the method is discussed in a later section.
11-4 Furnace
The furnace (Figure 22) was electrically heated by
eight Globar heating elements (made by the Carborundum Company)
1/2 inch diameter, 9-inch effective heating length, and
20 inches overalli. length. These elements were arranged in
four parallel circuits each containing two elements in series.
The furnace chamber measured 8 inches square by 13.5 inches
3 4 .5 inches
ANALYSIS. APPARATUS
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deep and was insulated with Babcock and Wilcox K-30 type
insulating brick. The furnace shell consisted of aluminum-
painted shee t iron on the sides and bottom with a 3/8 inch
transite top. The globar ends were also protected with
transite plates. The power required was from five to ten
kil.owatts at operating temperatures with an applied voltage
of from 60 to 120 Volts.
II-5 Furnace-Tube Assembly
Figure 23 represents the furnace tube assembly used
in all experimental campaigns after the first and differs
fromfthat one only in the substitution above the crucible
coyer,, of the three radiation shields for a 6-inch bed of
ftisedhollois alumina pellets of -8/+35 mesh. It was found
experimentally that the length of time necessary to bring
the furnace tube refractories into equilibrium with a gas
was considerably longer when the bed was present as might
have been deduced from surface area considerations. No
adverse thermal gradient effects could be noted in the
molten bath as a consequence of substituting the radiation
shields for the bed. This is as expected because of the
method of heating the melt, the agitation of the bath by
the bubbling gas, and the fact that at the experimental
temperatures the heat loss is mainly by radiation.
The large outer tube was furnished by the Mchnel
Refractory lPorcelain Company under the trade name "Zircotube".
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FIG.23FURNACE TUBE ASSEMBLY
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Its composition was approximately that of zirconium silicate
and proved quite satisfactory with respect to thermal properties
and relative impermeability to gases at the temperatures of
these experiments. The closed end of the tube was filled
with a few inches of crushed zirconium silicate covered with
an alumina disc. The crucible rested on this disc and was
surrounded by an alumina sleeve which fitted both the crucible
and the outer furnace tube fairly loosely. An alumina cover
of a diameter very close to that of the inner diameter of the
furnace tube fitted over the crucible. Through this cover
passed the thermocouple protection tube and the gas bubbling
tube both of which extended to the bottom of the crucible.
The bottom end of the gas bubbling tube was notched on a
diamond wheel to cause the formation of small gas bubbles
thereby favoring high reaction rates and a minimum of splashing.
Also passing through the crucible cover, but only extending
about one quarter of an inch below it, was the gas exit tube.
Above the c;rucible cover and supported by it, sleeves of
alumina tubing surrounded the gas bubbling and thermocouple
protection tubes. They and the gas exit tube supported three
alumina radiation shields spaced approximately one-quarter
of an inch apart. Thus the tubes immersed in the melt could
be raised, lowered or replaced without disturbing the
radiation shields and interrupting an experimental campaign,
Fitted on the open end of the furnace tube by means of a
4:0.
cemented yoke, studs, and wing nuts was a water-cooled-Vbrass
tube head. A neoprene rubber gasket furnished a das tight
fitting between the ceramic tube and the brass head. The
protection sleeves terminated prior to passing through the
brass head with only the gas bubbling tube, thermocouple
protection tube, and gas exit tube passing through it.
Gas-tight fittings were made about these ceramic tubes by
means of neoprene 0-rings and the design indicated in
Figure 24. Above the head the gas bnbbling tube was con-
nected to the gas supply line by means of a deKhotinsky
cement seal while the gas exit tube was cemented to a
standard tapered glass joint which was in turn connected
to the gas analysis apparatus and the waste gas system.
This tapered joint could be opened for making additions
to or for sampling the melt. The brass head was equipped
with an additional opening for flushing the upper position
of the furnace tube.
The gas exit tube and all refractories in contact with
the molten bath were composed of high-purity,dense alumina
obtained from the Norton Company. (Mixture RA7232)
Other refractories in the furnace were also of Norton
Company alumina (RA series) but corresponded to mixtures
of less density and contained small amounts of silica.
Two of the five experimental campaigns were started
with an Armco iron sleeve fitted inside the crucible so
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HOLES
BRASS HOLLOW
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FIG.24DETAIL OF GAS-TIGHT TUBE
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FITTINGS
4-..-
as to insure iron saturation of the melt. This sleeve was
approximately one-quarter of an inch in thickness and was
slotted down its length so as to allow room for the gas
bubbling tube. Because of the decreased space available in
the crucible, the thermocouple protection tube was not per-
manently fixed in the system. In these cases it was lowered
down the gas exit tube for temperature determinations when
required.
II-'6. Heating and Temperature Control System
Figure 25 shows the heating and temperature control
layout. Electrical heating was provided by eight Globar
elements. The power was connected through a Westinghouse
variable transformer (Transtat) for normal control, and
then through a General Electric station-type induction
regulator for automatic control. Control temperature was
measured by a radiation pyrometer (Rayotube) sighted on the
furnace tube. (See Figure 22) and relayed to a Leeds and
Northrup Micromax indicating and recording controller.
This micromax unit was in turn connected to a Leeds and
Northrup valve operating mechanism which actuated the
movable coil of the induction regulator through a pair of
bevel gears. The controller was of the position adjusting
type with dropp ccorrec tig P experimentally it controlled
the melt temperature to within +20C throughout an experi-
mental campaign.
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Fig. 2 5--Electrical Heating and Control Diagram
1 Transtat: Westinghouse Electric Co. 110 volts pri-
mary, 0-110 volts secondary, 100 amperes.
2 Induction Regulator: General Electric Station Type
IRS 2-5-62-60 Form F72. 220 volts, 0-5.62 KVA on
control coil. Zontrol about * 5 percent.
3 Valve Operating Mechanism: Leeds and Northrup Co.
4 Micromax Electric Control Unit: Leeds and Northrup
Zomoany, Position Adjusting Type.
5 Micromax Indicating and Recording Controller: Leeds
and Northrup Company.
6 Furnace
7 Rayotube: Leeds and Northrup Co. 22.4 MV at 1650*C,
lens to object distance 24 inches minimum.
44
II-f. Temperatire Measurement Equipment
Platinum-platinum 10% hodium thermocouples were used
for all temperature measurements. The electromotive force
was- read on a.1Rujigiton .potentiometer (No.42708) capable of
an accuracy of one microvolt or approximately 0.1 0 0. Ail
temperature measurements were made in duplicate using two
different thermocouples. Initially all thermocouples were
calibrated directly using the gold wiXe bridge method with
at least two calibrations being performed on each couple.
However, when working at high hydrogen sulfide contents such
a procedure was not practical due to the short life of a
thermocouple. A procedure was then followed of carefully
calibrating a single couple and maintaining it for standard-
izing purposes. This couple was used only sparingly for
direct comparison with more frequently used thermocouples.
This "standard" thermocouple was recalibrated near the end
of the experimental campaigns and found to have changed
calibration only 1.60C.
Measuring thermocouples. were removed from the pro*-
tection tube when not needed for temperature measurement.
Being encased in alumina 2-hole thermocouple wire tubes of
such dimensions so as to fit snugly inside of the thermo-
couple protection tube, they could be easily lowered into
position. Junction with the copper leads to the potentiometer
was made in tubes of mercury immersed in an ice-water mixture,
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Temperatures recorded are the average of two corrected
readings by separate thermocouples; the largest difference
observed between any two readings was 6.80C, the average
difference was 1.50 C. Recorded temperatures are considered
correct to within three degrees.
II-'8. Materials
Six primary materials were used in this investigation;
hydrogen, hydrogen sulfide, nitrogen, copper, iron, and
sulfur.
Hydrogen was furnished by the Air Reduction Company
and was made electrolytically. It analyzed 99.5 per cent
hydrogen with small amounts of water vapor and oxygen. Hydro-
gen sulfide, obtained from the Matheson Company, was over
99.9 per cent' pure. Nitrogen was of the prepurified type
manufactured by the Air Reduction Company and was also greater
than 99.9 per cent pure. The sulfur used was U.S.P. pre-
cipitated sulfur made by the Mallinckrodt Company. The
copper used was furnished by the Central Research Laboratory
of the American 6melting and Refining Company in the form of
five-sixteenths inch rod. Analysis is given in Table .
In addition spaxing use was made of copper shot manufactured
by the Mallinckrodt Uompany; analysis of this shot is also
given in Table 2. Iron powder manufactured by the Plastic
Metal Division of the .ational Radiator Company was used and
its analysis is indicated in Table 3. The iron sleeve used
in two of the experimental campaigns was composed of Armco
Table 2!
Analysis of Copper Metal
American Smelting and
Refining Comranv
.0015%
Mallinckrodt
.004%
.001 .010
.010
.010
. 001
.0009
.0003
.001
.0015
.00009
.0002
.035
Table 3
Analysis of Iron Metal
Plastic Metal Division
National Radiator Company
Plast-Iron Powder Grade A70A-A1O
Fe 99.910%
C
Mn
.015
.007
P .004
Si .007
S .008
Ou .010%
Cr .002
Ni .015
Mo .002
V .003
CO .007
Sn .005%
Al .002%
As Nil
Pb Nil
Hg Nil
Fe
Sb
Sn
As
Ni
TL
0'
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iron. Puron iron made by the Westinghouse Electric Company
analyzing 99.95% iron, .04% oxygen, and .005 carbon was also
used.
The cuprous sulfide used in this investigation was
prepared by Moles 22 and involved reacting copper with molten
sulfur. This material contained 78.42% copper and 20.55%
sulfur. The main impurity was expected to be oxygen but
this would be removed readily by the hydrogen atmosphere
used in the experimental runs.
Iron sulfide was prepared by a method previously used
23
by Krivsky and Inder. Iron powder was intimately mixed
with 10% excess sulfur and reacted in an alumina crucible
by heating gently with a Bunsen flame. Approximately 30 grams
could be made in each batch without excessive evolution of
heat. The crucible was covered with a watch glass while
the charge was cooling. Several such batches were con-
solidated and charged into a large crucible in a closed
furnace tube assembly. The charge was then melted under
hydrogen and held at 130000 for approximately one hour while
bubbling hydrogen through it. The product of this process
analyzed 64.7% Fe, 34.4% S and .06% R203 . A modification
of this process in which nitrogen was bubbled through the
melt instead of hydrogen yielded a product analyzing 63.3% Fe,
36.1% S and .06% R203 .
III. Preliminary Experiments
III - 1. Development of Two-phase Melt Sampling Technique
In order to make sulfur activity measurements in the
miscibility gap of the copper-iron-sulfur system it was
necessary to be able to sample a two liquid phase melt
reliably. As a first experiment in this direction, 100 grams
of a copper and cuprous sulfide mixture with a composition
lying within the miscibility gap was heated to approximately
1300 0C, held for an hour under an nitrogen atmosphere, and
furnace cooled. The solidified product was examined, and
the clean-cut separation of the two phases indicated that
sampling could probably be carried out on the molten phases.
In order to sample the bottom (metallic) liquid phase
it was decided to use 1/8 inch diameter silica tubes. One
end was pulled down in a flame to a very fine point and
sealed off. To obtain a sample a rubber bulb was compressed
and placed on the open end of the sampler. If the sampler
was gas-tight the bulb remained compressed after release.
The sampler could then be lowered carefully down the gas
exit tube of the furnace assembly into the liquid melt
to touch the bottom of the crucible. The fine tip of the
sampler was broken against the 7bottom of the crucible allow-
ing some of the 'bottom phase of the melt to flow up into
the partial vacuum of the sampling tube. The sampling
tube was then withdrawn from the furnace.
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Initial efforts to sample the top phase using Vycor
tubing pulled down to a capillary opening and an ordinary
suction bulb failed. In spite of prior measurements it
was difficult.to tell accurately when the end of the
sampler was just immersed in the top liquid. Consequently,
the sampler illustrated in Figure 26 was developed as the
simplest means of solving this problem. With the vacuum
on and the needle valve barely opened, the sampling tube
was lowered down the furnace tube to somewhere near the
melt surface. The tube was then lowered very slowly while
closely observing the water level in tube A. This level
fell sharply when the end of the sampling tube became im-
mersed in the top liquid; the tube was held in this position
while the water level moved down to the bottom of the
column and for several seconds after air commenced bubbling
up through the water column. The sampling tube was then
slowly removed from the furnace.
Both sampling techniques required some practice but
produced, in general, solid non-porous samples which were
shown by visual and microscopic examination to be free of
contamination by the other phase.
These preliminary experiments were carried out on the
miscibility gap of the copper-cuprous sulfide system.
Melting was done in a closed furnace tube with a nitrogen
atmosphere and the bath was kept molten continuously for
several days. Sampling was done once daily and then the
AtS to atmosp
to sampling
tube
30o
here
2 to vacuum
FIG. 26 TWO PHASE SAMPLING
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temperature altered for the following day's sampling.
Since the purpose of the experiment was simply to develop
the sampling methods, no rigorous attempts were made
initially to remove oxygen from the melt nor was a tempera-
ture controller used. While the results of such an experi-
ment can by no means be taken in itself as establishing any
boundaries of the miscibility gap, they agree with those
of Smith 14, and Schuhnann and Moles11 and disagree with
the published phase diagram due to Rhines 6. This may
be seen from Figure 27. Such agreement with other recent
investigations was considered further proof of the effective-
ness of the sampling technique. The solid line boundaries
of this figure represents the best lines through the data
of several investigators and is considered superior to
those of the phase diagram as presently published.
Since in the process of sampling the bottom phase,
solid silica was being introduced into the melt it was
considered necessary to check on its solubility in the melt.
Table 4 gives the results of analysis for silicon in both
phases of the melt which was kept molten for approximately
seventy-two hours with sampling (and hence silica intro-
duction) taking place every twenty-four hours. The lack
of a systematic increase in silicon content was interpreted
to indicate a low solubility in both phases. The observed
contamination was probably due to including small amounts
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Miscibility Gap Cu-S System
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Table 4
Silicon Content of Samples
T emBerature
0
1239
1257
1126
Weight Percent
Silicon
Metal Phase Matt
-03
.03
.03.
72 1127
Time
(Hrs.)
0
24
48
e Phase
13
02
09
.04 .14
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of silica from the sampling tube in the crushed samples
for analysis.
111-2. Tests on the Use of Iron Crucibles
As indicated by Figures 4, 5, and 6 in a large portion
of the copper-iron-sulfur system at these temperatures an
equilibrium exists between liquid phases and solid iron.
Experimentation in iron crucibles immediately suggested
itself. Armco iron crucibles (5/8 inch inner diameter and
1 inch high) were charged with copper and sulfide compositions
believed to be in equilibrium with solid iron at experimental
temperatures. Figures 28, 29 and 30 show the results of
heating in a hydrogen atmosphere at 1250 0 and holding for
24 hours. In all cases the melt, particularly the copper
phase, penetrated the cruicibles and appeared on the outer
surface. Microscopic examination revealed copper in pores
of the iron. No evidence of alloying to any significant
depth in the cross-section of the iron crucible was found.
The high degree of wetting of solid iron by liquid copper
is evident from Figure 28.
As a result of these experiments it was decided to use
the iron sleeve previously described within an alumina
crucible when studying compositions in equilibrium with
iron.
Figure 28
Quenched Specimen Copper Melted in Iron Crucible
12500 C Hydrogen Atmosphere.
Fig,-ure 29
Qnonrchxi Specimnen L'rni-cible Licul-CC L:
T' ~ 4 -Yucb 20 C Hyd -o-en AtL'os~here.
Figuire 30
Cueinched Specimen of Intnisciblo Liquids
in Iron (.Crucible 1250 C Hy!>Qgen Atmosphere.
#K
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111-3. Development of the Gas Analysis Bq-uipment and Procedure
The analytical apparatus has been described in an earlier
section; the procedure of analysis is discussed in detail
in Appendix A. The method basically depends on the measure-
ment of the total pressure of two gases, the quantitative
separation of these two gases, and the measurement of one
of the gases alone. The accuracy of the method is then
limited by (1) ability to measure pressures accurately and
(2) ability to separate one.gas from another. The latter
operationlinvolved two separate operations: (a) removing
one gas and (b) jolding.the iother ga.* Later in this section
it will be shown how well pressures could be measured and
how well one gas could be held in the system while the
second gas was being removed. Consider now the problem of
how well this second gas, hydrogen, can be removed while
the hydrogen sulfide is held in the system. This process
is limited by the ability to evacuate the system of gas.
.iigure 31 is based on a calculation which assumes that the
system can be evacuated in a reasonable time to a pressure
of 100 microns of mercury. It is seen that even this crude
vacuum is more than sufficient to separate adequately the
two gases over most of the composition range. It is only
only at low values of hydrogen sulfide that an error begins
appear. Even with a 0.10b hydrogen sulfide content although
the error has increased to 13.2%, the uncertainty or the
511
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Gas Analysis Error Versus Percent H2S
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mixture composition lies only between 0.107 and 0.1136%
hydrogen sulfide. At this low level of hydrogen sulfide,
errors in measuring pressures become of equal importance
so that little would oe gained by having a much more
elaborate vacuum system unless more delicate measuring
equipment was used. The lowest hydrogen sulfide content
of the gas mixtures to be used in this investigation was
expected to be somewhat higher than 0.107. Further,
bchuhmann and Moles using a similar method in the copper-
cuprous sulfide system found errors in chemical analyses
of melts of a higher order than those in gas analysis.
'hese considerations led to the use of the simple vacuum
system described and of only a mechanical pump.
Measurement of small pressures of hydrogen sulfide
could not be done directly with sufficient accuracy in the
described apparatus. This is indicated also in Figure 31
which assumes the reading of the mercury level can be done
accurately to within 0.03 centimeters. Accuracy in this
range was enhanced by cutting off part of the gas and com-
presi-ngi_:t; approximately fifteen-fold. The value of this
compression ratio was determined by admitting hydrogen
sulfide to the evacuated system at a pressure of approxi-
mately 4.5 centimeters. Pressure and temperature were read
in the normal way with the left leg of the manometer set at
61
the 77.50 centimeter mark. The gas was then cut off and
compressed as described for Case II of Appendix A.
lPressure and temperature were again read; the ratio of the
two pressures when corrected to the same temperature gave
assuming
the compression ratio/ideal gas behavior. Results of these
experiments are given in Table 5 along with similar results
obtained later in the experimental campaign after the
apparatus had been repaired following an accident. Experi-
ments were carried out also to determine the compression
ratio as a function of pressure; these experiments at very
low pressures became sensitive to the error due to lack of
complete evacuation of the system. As a result of' these
experiments a method was devised for measuring vacuum in
the system by the.use of the apparatus itself without any
auxiliary gauges requiring connections to the apparatus.
It was found that the system could be evacuated in a
reasonable time to a pressure level of about 100 microns.
These experiments are described in Appendix B and the
vacuum measurement method in Appendix C.
In addition to the apparatus as pictures in Figure 21
there was a hydrogen sulfide trap between, stopcock 5
and the vacuum pump. Figure 32 shows three different
arrangements that were used in the preliminary work.
Modification C was used throughout the equilibrium runs.
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Table 5
Experimentally Determined Values
of the Compression Ratio
Compression
Ratio
15.582
15.547
15.541
15.542
15.586
Test
B
1.
2.
3.
4.
5.
6.
7.
Compression
Ratio
15.414
15.436
15. 427
15.546
15.565
15. 433
15.538
Average: 15.560
Probable Error 0.0201
of each Test:
Probable Error 0.009
of Average:
or 0.058%
Average:
Probable Error
.of each Test:
Probable Error
of Average:
15.480
0.0413
0.016
or 0.103%
A
Test
1.
2.
3.
4.
5.
p-TO VACUUM PUMPS OASCARITE
STOPCOCK 5
MODIFICATION A
STOPCOCK 5
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MODIFICATION B
TO VACUUM PUMP
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X7. NITROGEN
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MODIFICATION C
FIG. 32 HYDROGEN SULFIDE TRAP
Experiments were carried out in the analytical apparatus
equipped with Modification A to determine the effectiveness
of liquid nitrogen temperatures in preventing the evaporation
of hydrogen sulfide in a vacuum. In this series of tests
a gas analysis was made in the usual way. After it was
completed,the hydrogen sulfide in the analytical bulb was
refrozen with liquid nitrogen and further evacuation done
for fifteen minutes. The hydrogen sulfide was then re-
evaporated, and its pressure compared to that previously
recorded. This cycle was repeated several times. Results
are given in Table 6. After much experimentation the
difficulty was isolated to a movement of a gas condensible
at liquid nitrogen temperatures through stopcock 5 and
into the analytical bulb against the pumping direction of
the vacuum. Water vapor, a product of the reaction of
ascarite with hydrogen sulfide in the trap, was suspected
and consequently Modification B was adopted. The tests
were repeated and also are recorded in Table 6. Obviously,
the situation had not been much improved. It was known
that a driving force existed for the diffusion of water
vapor from the magnesium perchlorate to the analytical bulb
(Equilibrium pressure of water vapor above magnesium perch-
lorate is given as 0.473 microns of mercury while above
-18 27
liquid nitrogen it is 10 microns.), but the resistance
offered by the long and torturous path had been over-estimated.
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Table' 6
Pressure of Hydrogen Sulfide as a
Function of Number of Cycles of
Evacuation and Evaporation
(Modification A)
Number of Cycles
1
2
3
4
PH2S (Cm.
4.27
4.45
4.60
4.81
(Modification B)
Number of Cycles
Samples: A
1
2
3
4
2.702
2.795
2.829
2.902
TH2s (Cm of Hg)
B
2.950
3.000
3.045
C
0.03765 0.0210
0.1321 0.1118
of Hg)
D
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A second liquid nitrogen trap was then installed
(Modification 0) and quite gratifying results were obtained.
(Table 7). The general necessity of using such an arrangement
when utilizing similar gas analysis techniques is indicated.
Further preliminary experimentation was carried out on
the effectiveness of sampling a flowing gas. This was con-
sidered necessary since it was planned to use different
methods of- sampling for the furnace inlet and exit gases.
The inlet gas to the furnace was to be sampled by drawing
off a small fraction of it into the evacuated analytical
system without interrupting the supply to the furnace. The
furnace exit gas was to be sampled by drawing part of it
into the evacuated analytical apparatus until essentially
one atmosphere pressure was reached and then diverting the
entire stream through the analytical apparatus to waste
allowing ten to fifteen.minutes for flushing. An experiment
was devised whereby the same gas stream could be sampled
by either method; results given in Table 8 show that the
particular sampling technique used was immaterial. It
should be pointed out, however, that in batch sampling the
flow of total gas through the final flowmeter must be kept
the same as prior to sampling. This may be done by making
the stream to the analytical apparatus very small or by
decreasing the flow to the furnace.
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Table 7
lressure of Hydrogen Sulfide as a Function
of Number of Cycles of Evacuation and Evaporation
(Modification C)
'(Cm. of Hg.)
Number of Cycles
Samples: A B3 C D
0.0140 0.2741
0.0128 0.2740
0.0153 0.2748
2.674 10.70
2.671 10.70
2.670 10.71
0.0147 0.2740 2.680 10.70
1
2
3
4
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Table 8
Comparison of Gas Sampling
Techniques (% H2S)
-Batch Flush
1. 14.916 14.847
2. 14.981 15.106
3. 15.057 14.962
1. 0.363 0.367
2. 0.369 0.362
3. 0.361 0.368
1. 0.308 0.294
2. 0.294 0.292
3. 0.298 0.303
4. 0.302 0.305
5. 0.301 0.300
6. 0.299 0.296
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The final series of preliminary experiments was to
show the reproducibility of the gas analysis method. In
addition, it indicated the reproducibility of the gas
sampling technique and the ability of the flow control
system to provide controlled gas compositions for extended
periods. Results are indicated in Table 9.
Table 9
Reproducibility of Gas Analysis
Method at Different Compositions
(f H2 S)
15.152 1.8588 1.2217 0.390 0.430 49.80 11.14
15.237 1.8651 1.2201 0.388 0.434 49.75 11.10
15.203 1.8555 1.2186 0.387 0.431 49.76 11.13
15.156 1.8591 1.2218
111-4. Tests of Equilibrium
Although strictly speaking this series of tests was
carried out in the early experimental runs, they did show
how equilibrum could be determined in this particular system.
Generally, the melts used in these experiments weighed
from 200 to 400 grams; their compositions therefore were
not changed significantly even by prolonged bubbling of a
non-equilibrium gas composition through them. From the
earlier Phase Rule application discussion it was seen that
in the two liquid regions of the phase diagram the system
had only two degrees of freedoms. By fixing temperature and
composition the equilibrum H2 S/ 2 ratio was established.
Experimentally this was found to be true as seen from
Table 10. In spite of different inlet gas compositions the
outlet gas remained essentially fixed in composition over
long periods of time; this also indicated the rapid reaction
rate between the gas and melt.
Other tests yielded results similar to that given in
Table 10. On this basis, the following standard procedure
was adopted for studying equilibrium in the two liquid regions.
A gas composition thought to be richer in hydrogen sulfide
than the equilibrium gas was bubbled through the melt
and the exit gas analyzed. A gas leaner in hydrogen
sulfide than the exit gas was then bubbled through the system
and the exit gas re-analyzed. Usually the two exit gas
analyses were nearly identical. The inlet gas composition
was then altered to the exit gas value and allowed to bubble
for a prolonged period (at least eight hours and usually over-
night) with periodic checks of the exit gas compositions
being made. If agreement between inlet and exit gas composi-
tion persisted, equilibrium was considered to have been
established.
A similar procedure was adopted for the equilibrium
Table 10
Behavior of System in Approach
to Equilibrium. (Two Liquid Phase)
Time Inlet gas Composition Outlet gas Composition
(hrs.) ( H,S) (Hy)
0 0.254
16.5 0.254 0.308
18.5 0.254 0.294
21.5 0.254 0.298
23.5 0.254 0.302
24.5 0.371
26.0 0.371 0.301
27.0 0.294
36.0 0.294 0.299
determinations in the one phase system. The equilibrium
gas mixture was approached from the high and low side as
previously. A gas composition approximately equal to the
most recently determined exit gas composition was then
bubbled through the melt until the exit gas became of the
same composition and remained so for an extended period.
Sulfur pressure was very dependent on the sulfur content
in this region (see Results), and the inlet gas had only
to change the melt composition a small amount in order to
come into equilibrium with it. Table 11 is typical of the
behavior of the one phase system. This behavior was utilized
to alter the melt composition between equilibrium determinations.
7g .
Table 11
Behavior of System in Approach to
Egluilibrium (One Liquid Phase)
Inlet Gas Composition(% H2S)
0.00.
0.00
2.63
2.63
2.41
2*41
2.22
2.22
Outlet Gas Composition
2.42
2.24
2.25
Time
(Hrs)
0
19
20
23
24
30
31
43
7 
IV. Experimental Procedure
IV-l. General
This investigation was conducted in five experimental
campaigns. Each of these campaigns represented continuous
operation of the furnace at various temperature levels
together with that of the gas flow train and other auxiliary
equipment. The average length of a campaign was 34 days
with a range of 26 to 42 days. During a single campaign
several equilibrium points were established; in all, 48
such points were determined.
In starting a campaign approximately 50 grams of the
charge was placed in the crucible of the completely
assembled furnace tube by means of the gas exit tube. The
entire furnace tube assembly was then carefully checked
for gas tightness by admitting nitrogen under pressure
and noting the maintenance of this pressure in the tube
after isolating it from the gas source. The furnace tube
was then partially evacuated and nitrogen admitted. This
cycle of partial evacuation and adnmission of nitrogen was
repeated a sufficient number of times to insure the removal
of air from the tube. Nitrogen was allowed to flow through
the system at the rate of 100 to 150 milimeters per minutes.
-Power was turned on and the furnace brought up to the ex-
perimental temperature slowly over a 24 hour period. Once
the bath was molten the remainder of the desired charge was
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added to the crucible bringing the weight of melt to approxi-
mately 200 grams. Pure hydrogen then replaced nitrogen and
was bubbled through the melt. The entire furnace tube was
flushed out through the opening in the furnace head. This
tube was always under a positive pressure of a few inches
of oil due to bubbling the exit gases through butyl pthalate.
Manometers connected to the gas inlet and exit lines in-
dicated the appropriate pressures relative to the atmosphere.
After several hours of flushing with hydrogen and when the
desired temperature had been reached, a mixture of hydrogen
and hydrogen sulfide was allowed to flush out the furnace
tube. The opening in the furnace head was then closed off,
and all exit gases from the furnace tube left by way of the
gas exit tube. The search for equilibrium was then started
and carried out as indicated in the section on preliminary
experiments.
IV-2. OQn-Phase Melts
When equilibrium had been attained, duplicate tempera-
ture measurements were made. The melt was then sampled
using a drawn-down Vycor tube and vacuum; duplicate 10 gram
samples were taken. One sample was kept for reference while
the other was submitted to the analytical laboratory for
chemical analysis. The temperature or the composition of
the bath was then altered in preparation for the determina-
tion of the next equilibrium point. No two equilibrium
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points were ever determined at intervals of less than
24 hours with the average time being approximately 48 hours.
Several gas analyses were made in finding a single equilibrium;
over 600 gas analyses were made during the course of these
five campaigns. To be most useful for further calculation
it was desirable for a series of sulfur activity measure-
ments to be made at the same iron-copper ratio. This could
be assured by altering the melt composition between deter-
minations by means of the gas phase alone. This procedure
was followed and served also as a check on the chemical
analyses.
IV-3. Two Liquid Phase Melts
The procedure here differed from that above in that
it was necessary to stop the gas bubbling in order to permit
the melt to separate into two phases for sampling. Since
the sampling technique was more difficult and took longer
than for the one-phase work, nitrogen was substituted for
the equilibrium gas mixture during the hour settling period.
This gas was admitted through the opening in the furnace
head and passed out the gas exit tube. Due to the very low
sulfur pressures of these melts and their large size this
procedure made no appreciable change in the melt composition.
(The details of two phase sampling were given in Section III-1).
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IV-4. Two Liquid Melts in Equilibrium with Solid Iron
Sampling techniques for these melts were similar to
those for the two-liquid melts described above; The
presence of the iron sleeve in the crucible prevented the
permanent installation of a thermocouple protection tube
in the system, and temperature measurements were made by
lowering thermocouples down the gas exit tube.
V. Experimental Results
V-l. General
The experimental results of this investigation are
presented in Table "12 with melt analyses on a weight percent
basis and in Table 13 with melt -analyses on a molar basis.
Columns are in general self-explanatory. Column 4 is the
equilibrium hydrogen sulfide-hydrogen ratio corrected for
dissociation at furnace temperatures; this ratio is defined
as the sulfur activity. Columns 5, 6, and 7 are chemical
analyses as reported by the analytical laboratory and
usually represent the average of duplicate analyses. Columns
8, 9, 10 are these analyses adjusted to 100 percent total
copper, iron, and sulfur. Columns 19 and 20 represent the
molar ratio of iron to copper and sulfur to copper respectively.
V-2 Three-Phase Equilibrium Points
Points 22, 38, 39, and 41 represent the equilibrium
between a solid iron-copper alloy (hereafter referred to
as gamma iron) with two liquid phases the compositions of
which are given. Experimentally, these points were the
most difficult to obtain and required six weeks of experi-
mental work in two different campaigns. The difficulty
was caused .by two factors: (1) an evident error in the
earlier phase diagram work with respect to the location of
the limit of iron solubility in the two conjugate liquids
and (2) the formation of a nearly continuous solid layer of
Table 12
Experimental Results*
(Analyses by Weight %)
Point No. of Temp. P p x103 Raw Analysis Corrected Analysis
No. Phases 0C H2 0A 2  ZCu %Fe' %S Total %Cu %Fe
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
1 2 :150
2 2 1251
3 2 1351
4 2 1351
5 2 1256
6 2 1154
7
8
9
10
11
12
13
14
15
16
1
1
1
1
1
1
1
1
1
1
1349
1263
1148
1155
1247
1349
1353
1353
1354
1357
3.01
4.11
5.53
5.74
4.45
3.40
5.60
4.54
3.27
47.7
46.2
41.2
75.1
76.9
13.6
7.30
67.71
96.40
67.90
95.94
67.83
95.16
70-13
96.16
69.51
96.38
71-19
96.68
71.05
70.96
70.97
68.63
68.73
68.99
68.79
68.57
69.19
69.36
10.21
2.34
9.92
2.64
10.29
3.02
8.28
2.32
8.57
2.11
7.28
1.50
7.18
7.12
7.13
8.39
8.14
8.76
8.21
8.63
8.48
8.72
22.00
1.23
21.90
1.61
21.82
1.41
21.47
1.34
21.71
1.22
21.26
1.35
21.48
21.48
21.39
22.68
22.24
21.82
22.38
22.53
21.60
21.37
99.92
99.97
99.72
100.19
99.94
99.53
99.88
99.82
99-79
99.71
99.73
99.53
99.71
99.56
99.49
99.70
99.11
99.48
99.38
99.73
99.27
99.45
67.76
96.43
68.09
95.76
67.87
95.55
70.21
96.33
69.66
96.66
71.38
97-.4
71.26
71.27
71.33
68.84
69.35
69.26
69.22
68.76
69.70
69.74
10.22
2.34
9.95
2.63
10.30
3.03
8.29
2.32
8.59
2.12
7.30
1.51
7.20
7.15
7.17
8.42
8.21
8.81
8.26
8.65
8.54
8.77
22.07
1.23
21.96
1.61
21.83
1.42
21.50
1.34
21.76
1.22
21.32
1.36
21.54
21.57
21.50
22.74
22.44
21.93
22.52
22.59
21.76
21.49
Table 12 (Continued)
-- Experimental Results
(Analyses by Weight %)
Point No. off
No. Phases
Temp. P S/H x103
C H2 2
Raw Analysis
%Cu %Fe- Total 0u
Corrected Analysis
%Fe
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (1)
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
1
1
1
1
1
3
1
1
1
1
1
1
1
1
1
1
1364
1349
1348
1246
1150
1150
1266
1347
1353
1351
1346
1258
1250
149
1252
1247
262.
516.
923.
1336.
2000.
2.66
320.
256.5
116.1
57.95
22.7
15.75
30.8
170.
71.6
312
68.22
67.94
67.69
67.21
67.01
61.38
93.18
31.57
31.53
31.86
32.12
32.15
32.11
31.88
31.46
31.97
31.15
8.53
8.29
8.33
8.57
8.60
15.27
5.06
37.43
37.68
37.96
38.15
32.00
39.04
38.48
37.75
37.97
37.69
22.87
23.25
23.56
23.74
24.03
22.75
1.84
30.24
30.34
29.52
29.23
28.34
28.30
28.99
30.20
29.57
30.61
99.35
99.48
99.58
99.52
99.64
99.40
100.08
99.24
99.55
99.34
99.50
99.49
99.45
99.35
99.41
99.51
99.45
68.48
68.30
67.98
67.53
67.25
61.75
93.11
31.81
31.67
32.07
32.28
32.31
32.29
32.09
31.65
32.13
31.32
8.56
8.33
8.37
8.61
8.63
15.36
5.06
37.72
37.85
38.21
38.34
39.20
39.26
38.73
37.97
38.16
37.90
22.96
23.37
23.66
23.85
24.12
22.83
1.84
30.47
30.48
29.72
29.38
28.49
28.46
29.18
30.38
29.72
30.78
Table 12 (Continued)
Experimental Results
(Analyses by Weight %)
Point No.of Temp. PIS /PH, X103 Raw Analysis Corrected Analys5is
No. Phases ""C %Cu %V -S Total %Cu %Fe S
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (ii)
1
1
1
1
1
3
1148
1151
1148
1148
1148
1150
39 3 1285 3.79
1
3
1
1
1
2
1350 6.0
1353 4.44
1354
1253
1153
1351
46 2 1357 4.20
1
1
1361
1158
*For 2 and 3 phases data first line refers to high sulfur liquid, second line to low sulfur liquid.
0
33
34
35
36
37
38
325.5
155.55
71.6
26.7
16.6
2.71
40
41
42
43
44
45
31.23
31.49
31.60
31-38
32.05
61.30
94.26
58.51
75.29
52.43
50.07.
41.70
69.36
69.12
69.08
54.75
77.09
53'.74
65.42
31.84
31.90
37.61
37.83
38.15
38.34
38.62
15.57
4.58
18.71
20.46
25.26
29.57
50.86
6.95
7.07
7.02
23.00
18.45
24.31
28.01
38.94
39.36
923
1336
2000
4.23
30.67
30.29
30.01
29.15
28.97
22.82
1.15
22.00
4.56
21.77
19.97
6.45
23.37
23.60
23.63
21.96
4.40
21.41
6.46
29.00
28.66
99.51
99.61
99.76
99.47
99.64
99.69
99-99
99.22
100.31
99.46
99.61
99.01
99.68
99.79
99.73
99.71
99.94
99.46
99.89
99.78
99.92
31.38
31.61
31.68
32.15
32.17
61.49
94.27
58.97
75.06
52.71
50.27
42.12
69.58
69.27
69.27
54.91
77.14
54.03
65.49
31.91
31.93
47
48
37.80
37.98
38.24
38.54
38.76
15.62
4.58
18.86
20.40
25.40
29.69
51.37
6.97
7.08.
7.04
23.07
18.46
24.44
28.04
39.03
39.29
30.82
30.41
30.08
29.31
29.07
22.89
1.15
22.17
4.55
21.89
20.05
6.51
23.45
23.65
23.69
22.02
4.40
21.53
6.47
29.06
28.68
40.0
12.0
Table 13
Experimental Results*
(Analyses on a Molar Basis)
Point No.of
No. Phase
Temp. P /P x0 3C H 2S H
G.Moles/100 grams
Cu Fe S Total N
Mole Fraction
- N N N. A N J
cu e re u (1cu
(1) (2) (3) (4) (2 1) () (15.) (161 (17) (18) (19)- (20)
1 2 1150
2 2 1251
3 2 1351
4 2 1351
5 2 1256
6 2 1154
7
8
9
10
11
12
13
14
15
16
1
1
1
1
1
1
1
1
1
1
1349
1263
1148
1155
1247
1349
1353
1353
1354
1357
3.01
4.11
5.53
5.74
4.45
3.40
5.60
4.54
3.27
47.7
46.2
41.2
75.1
76.9
13.6
7.30
1.066
1.518
1.072
1.507
1.068
1.504
1.105
1.516
1.096
1.521
1.123
1.529
1.121
1.122
1.123
1.083
1.091
1.090
1.089
1.082
1.097
1.098
.1830
-0419
.1782
.0471
.1844
.0543
.1484
.0415
.1538
.0380
.1307
.0270
.1289
.1280
.1284
.1508
.1470
.1577
.1479
.1549
.1529
.1570
.6883
-0384
.6848
.0502
.6808
.0443
.6705
.0418
.6783
.0380
.66/j
.0424
.6717
.6727
.6705
.7092
.6986
.6839
.7023
.7045
.6786
.6702
1.917
1.598
1.935
1.604
1.933
1.603
1.924
1.599
1.928
1.597
1.919
1.598
1.922
1.923
1.922
1.943
1.937
1.932
1.939
1.941
1.929
1.925
.5503
.9499
.5540
.9395
.5525
.9382
.5743
.9481
.5685
.9524
.5852
.9568
.5832
.5835
.5842
.5574
.5632
.5642
.5616
.5574
.5687
..5704
.0945
.0262
.0921
.0294
.0954
.0339
.0771
.0261
.0798
.0238
.0681
.0169
.0671
.0666
.0668
.0776
.0759
.0816
.0763
.0798
.0793
.0816
.3552
.0240
.3540
.0313
.3522
.0276
.3485
.0261
.3518
.0238
.3465
.0265
.3495
.3498
.3489
.3650
.3607
.3540
.3622
.3630
.3518
.3482
.1717
.0276
.1662
.0313
.1727
.0361
.13~43
.0274
.1403
.0250
.1164
.0177
.1150
.1141
.1143
.1392
.1347
.1447
.1358
.1432
.1394
.1430
.6457
.0253
.6388
.0333
.6375
.0245
.6068
.0276
.6189
.0250
.5921
.0277
.5992
.5996
.5971
.6548
.6403
.6274
.6455
.6511
.6186
.6104
Table 13 (Continued)
Experimental Results
'(Analys6s on a Molar Basis)
Point No.of
No. Phase
Temp. P /P x103
oC H2SH Cu
G. Moles/100 grams
Fe S Total N
011
Mole Fraction
N N
e NAu
(1) (2) (3) (4) (12) (13) (14) (5) (16) (17) (18) (19) (20)
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
1
1
1
1
1
3
1
1
1.
1
1
1
1
1
1
1.
1364
1349
1348
1246
1150
1150
1266
1347
1353
1351
1346
1258
1250
1249
1252
1247
262.
516.
923.
1336.
2000.
2.66
320.
256.5
116.1
57.95
22.7
15.75
30.8
170.
71.6
312.
1.078
1.075
1.070
1.063
1.058
.9718
1.465
.5006
.4984
.5047
.5080
.5085
-05082
.5050
.4981
.5057
.4929
.1533
.1491
.1499
-1542
.1545
.2750
.0906
.6554
.6777
.6842
.6865
.7019
.7030
.6935
.6799
.6833
.6786
.7160
.7288
.737'
.7438
.7522
.7138
.0574
.9512
.9505
.9268
.9162
.8885
.8875
.9100
.9474
.9268
.9579
1.947
1.953
1.958
1.961
1.965
1.961
2.10~72
2.127
2.11
2.111
2.099
2.099,
2.109
2.125
2.116
2.13.1
.5537
.5504
.5465
.5421
.5384
.4956
.9082
.2376
.2344
.2386
.2407
.2423
.2422
.2395
.2344
.2390
.2313
.0787
.0763
.0765
.0786
.0786,
.1402~
.0562
.3110
.3187.
.3233
.3252
.3344
.3349
.3289
.3199
.3230
.3184.
.3677
.3732
.3769
.3793
.3828
.3640
.0356
.4514
.4469
.4381,
.4341
.4233
.4229
.4316
.4458
.4380
.4504
.1422
.1387
.1401
.1451
.1460
.2830
.0618-
1.309
1.360
1.356
1.351
1.380
1.383
1.373
1.365
1.351
1.377
.6642
.6780
.6896
.6997
.7110
.7345
.0392
1.900
1.907
1.836
1.804
1.747
1.746
1.802
1.902
1.833
1.947
NMMM
Table 13 (Continued)
Experimental Results
(Analyses on a Moldr Basis)
Point No.of
No. Phase
Temp. P /P x103
o H2S H2 Cu.
G.Moles/100 grams
Fe S Total N
Mole Fraction
N f Ns NfeAN cu NS cu
(1) (2) (3) (4) (12) (13) (14) (15) (16) (17) (18) (19) (20)
1 1148 325.5 .4939
1 1151 155.55 .4975
1 1148 71.6 .4986
1 1148 26.7 .5060
1 1148 16.6 .5063
3 1150 2.71 .9677
1.484
3 1285 3.79 .9281
1.181
1 1350 6.0 .8296
3 1353 4.44 .7912
.6629
1 1354 923 1.095
1 1253 1336 1.090
1 1153 2000 1.090
2 1351 4.23 .8642
1.214
2 1357 4.20 .8503
1.031
1 1361 40.0 .5022
1 1158 12.0 .5025
*For 2 and 3 phase data first line refers to high sulfur liquid, second line to low sulfur liquid.
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
.6768
.6800
.6847
.6901
.6940
.2797
.0820
.3377
.3653
.4548
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iron across the top of the melt which precluded sampling.
A possible explanation of this is a flotation of iron
particles from these gas-agitated melts and their sub-
sequent welding. The behavior cannot be explained on the
basis of specific gravity.
A plot of the log PH28/PH2 versus the reciprocal of
absolute temperature yields a straight line. (Figure 33)
in spite of rather large composition variation of the
liquid phases. The equation of this curve is
log THWPH 2 Z '2390/T - .89
Experimental difficulties dictated that Point 39.be
obtained at 12850 rather than 12500 as originally planned.
In order to present the data at the three temperature
levels Figures 34 and 35 were drawn and the value at 12500C
read from the-smooth curves. Table l summarizes the results
at the three temperature levels of the investigation.
Table 12
Three Phase Equilibrium Between
Liquid Matte, Liquid Metal, and
Solid Gamma Iron
e P 2S/H 2x103 Matte Phase Metal Phase
Tsmperature !Weight Percent
C %Cu %Fe %S %Cu %Fe %S
1150 2.66 61.5 15.6 22.9 94.3 4.6 1.2
1250 3.47 60.5 17.0 22.5 82.6 13.6 3.7
1350 4.41 50.9 28.6 20.5 43.8 49.8 6.4
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Figure 33
Log PH2,/P Versus Temperature. 3 Phase Data.
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V-3. Two Liquid Phase Equilibrium
Figure 36, 37, and 38 represent the results of the
two liquid phase equilibrium measurements of this investi-
gation. Also included are the three phase -equilibrium
11
points, the data of Schuhmann and Moles in the copper -
cuprous sulfide binary system, the data of Schlegel and
6
Schuller on the fields of iron-saturated single melt s,
10.
and the data of Mauer, Hammer, and Mobius in the iron-iron
sulfide binary. These figures therefore represent the
finding of this investigation with respect to the phase
diagram of the copper-iron-sulfur system together with the
best available data of other workers. Numbers on tie lines
represent the equilibrum hydrogen sulfide-hydrogen ratio
multiplied by one thousand.
These figures when compared with the work of Schlegel
6
and Schuller (Figures 4, 5, and 6) indicate a generally
shorter two liquid region (measured from the copper-sulfur
side) and a larger three phase field. This was very obvious
during the progress of the experimental work and has been
previously discussed. Also the high sulfur boundary of
the two liquid field is indicated as being concave toward
the sulfur corner of the diagram from Schlegel and Schuller's
work; it was found to be convex to that corner in this study.
The width of the miscibility gap, the distance between the
the high sulfur and the low sulfur melts, was found to be
~2
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slightly largerin this investigation. The extreme tempera-
ture sensitiveness of the iron saturation boundary of the
gap between 125000 and 13500C is probably at least partially
responsible for the discrepancy between the two studies.
These results are in accord with sulfur solubility in
copper ranging from 1 to 1.5% over the temperature range;
this constitutes general agreement with the more recent
studies as opposed to the published phase diagram.
An interesting feature of Figure 38 is the fact that
the sulfur activity passes through a minimum in the mis-
cibility gap as the gap is traversed along a line of constant
sulfur content. This minimum appears to correspond to the
point where the tie line coincides with a line of constant
iron to copper ratio. This behavior will be discussed
further in the following section.
IV-4. One Phase Equilibrium Points
The bulk of the one phase measurements were made at
two different iron-copper ratios; the molar values of these
ratios, defined as 4 , were 0.141 and 1.36. The determina-
tions at/ = 0.141 were carried out only at 13500 C and are
plotted in Figure 39 together with those of bchuhmann-and
11
Moles. The parameter on the abcissa, 01 is equal to the
molar ratio of sulfur to copper. The results at /I = 1,56
for three different temperatures are represented in
Figure 40. These values have been corrected from experi-
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mental temperatures to the temperatures 11500, 12500, and
135000 by the following method. First, the experimental
data were plotted and the best line drawn through the
points. Figure 41 was then constructed from the inter-
sections of constant composition with the best lines drawn
through the experimental points. The slQp~e of these lines
F log 1FH2S/PH2) ' could then be used to correct theL ')(i/T)
original experimental points to the desired temperature.
This correction was found to be very small and essentially
no change was made in the best line through the experimental
points. From Figure 42 it is possible to calculate the
partial molar heat of transferring one ,mole of sulfur from
hydrogen sulfide to the melt; the result of this calculation
is shown in this same figure.
Figure 43, constructed from .igures 39 and 40, represents
lines of constant sulfur activity on a composition diagram
at 135000. The composition parameters, Ot ahd 4 , are
somewhat unconventional, but were used because of their
general usefulness in. subsequent Gibbs-Duhem integration.
The lines with log PH2S/TH2. vaILues ranging from -2.0 to
-0.25 were taken directly from the experimental results.
The origin of the lines with values of -2.1, -2.2, and
-2.3 will be discussed in the following section.
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Partial Molar Heat of Transfer of Sulfur from H2S Gas to Matte.
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Figure 44 attempts to indicate these iso-sulfur
activity lines on a conventional weight percent diagram.
The exceedingly steep gradient in sulfur activity along
lines of constant iron to copper ratio makes graphical
representation difficult. On the larger scale graphs used
for preliminary plotting it was possible to recognize that
these iso-fulfur activity lines were concave toward the
sulfur corner at high values and gradually underwent a
transition to being convex to that corner at low values.
Intermediately, at a value of approximately -1.25 the iso-
sulfur activity line is straight over the range of experi-
mental data. This line was drawn to intercept the iron-
sulfur side of the diagram at the value obtained by
Mauer, Hammer, and Mobius 1 0 for comparative purposes.
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Iso-sulfur Activity Lines in Cu-Fe-S System (-1.25 Line
and Mobius10 in Fe-S System) (Weight 5 Diagram)
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VI. Derived Results
VI-1. Activities of Cu and Fe Derived by Gibbs-Duhem
integration in the Miscibility Uap
Since Schuhmann and Moles have made activity measure-
ments in the copper-cuprous sulfide binary system and
because the data of this investigation is contiguous to
this side of the diagram, their results make a convenient
reference point for Gibbs-Duhem integration. A relation-
ship has been derived by Schuhmann which permits integra-
tion along the high and low sulfur boundaries ol the mis-
cibility gap from the copper-sulfur side of the diagram to
the limit of iron solubility in the two liquids. The
equations for this .integration are given below; their
derivation is given in detail in Appendix D.
(1) log aou log a(ufJ
M13/1)
(2) log age = log a e
Since the data of this study is more complete at
135000, Gibbs-Duhem integration for copper and iron was
done only for this temperature. In order to iacilitate
these .:int.egrations in the miscibility gap, plots were
made of log PH2S/PH2 versus Q, /, (X and /4
(The primed symbols refer to the low sulfur phase; the un-
primed symbols to the high sulfur phase.) These plots are
a=N/Nru
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shown as Figures 45 and 46. In order to determine the
tie line where the minimum occurs in the hydrogen sulfide-
hydrogen ratio., this ratio was plotted against / and on
the same scale in Figure 47. From this figure the values
of /?= / was taken as equal to 0.50. The functions of
/ot/3' C"/S -OL.
and , were evaluated from
ffigures 45 and 46; graphical integration of equations (9)
and (10) was carried out. Results are presented in Figures
48 and 49. The reference state for copper is the same as
in the work of Schuhmann and Moles where the activity of
copper was defined as unity in a melt of stoicniometric
cuprous sulfide. The activity of iron was taken as equal
to 0.95 when the solid gamma iron phase was present; this
value was taken by Uhipman9 in his activity calculations in
the iron-copper binary system. The solid solubility of
sulfur in iron at these temperatures is probably of the
order of .01% and its effect on the activity of iron was
therefore neglected.
In examining the results of the integrations for iron
and copper in the miscibility gap it is noted that for the
high sulfur phase the general shape of the activity curves
for iron and copper is the same with the iron activity
changing at a considerably greater rate as would be expected.
The plot of iron activity versus /$ (Figure 49) indicates a
very gradual decrease in the activity of iron in moving away
from the iron saturation boundary followed by a sharp
2.11
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decrease at ' /equal to roughly 0.25. This is approxima-tely
analogous to the large positive deviation from ideality
shown by the iron-copper binary system.. Positive deviation
from ideality is also exhibited by the variation of the
copper activity with / in Figure 48. This may be
illustrated by noting that the activity ot copper is approxi-
mately 1.66 at a value of / equal to 1.0. This composi-
tion corresponds to an equimolar solution of iron and copper;
and, if the small amount of sulfur is neglected, the mole
fraction of each can be taken as 0.50. Since the activity
of copper was approximately 2.03 in the copper-sulfur
binary, it is seen that the activity has decreased only 20%
while the "mole fraction" has changed by 50%. Due to the
variable amount of sulfur in the solutions, however, these
arguments, are not rigorous but are intended only to convey
a picture of the general behavior of the system.
With respect to the inflection in both the iron and
copper activity curves when plotted against the iron-copper
ratio of the metallic phase, it is not immediately evident
whether this is due to the chemical nature of the system
or is a consequence of the method of calculation. At the
value of,4 = = .50 the functions and
go to infinity. Consequently, there is some
doubt concerning the value of the integral (aid hence the
activities of iron and copper) at values of 4 and
greater than 0.50 in the case of copper and less than 0.50
in the case of iron. These functions approach infinity very
rapidly and attempts were made to make the best possible
graphical
area estimate by a series of/representations. An under-
estimation of the area under the curve would tend to produce
the observed behavior in the activity piots.k On the other
hand, it must be kept in mind that the path along which
this integration is made is by no means a simple one; not
only is the iron-copper ratio changing but so also is the
mole fraction of sulfur. Normally, in a ternary system,
a path is followed which represents only one composition
variable; this cannot be done when a phase field boundary
is followed. However, since tne primary purpose in making
this integration was to provide a reference point for sub-
quent integrations into the one phase region, the principal
interest is with the high-sulfur phase. Therefore, no
furtner attempt was made to verify the inflection points
in the activity curves versus at this time.
Using the value of the equilibrium constant for the
reaction
Ou2 (l) + Hrfg)W2Cu(l) + H2S (g)
obtained by bchuhmann and Moles11 together with the measured
values of the hydrogen sulfide-hydrogen gas ratio and the
calculated values of copper activity irom this investigation,
110
it was possible to calculate the activity of cuprous suilride.
Results are presented in Figure 50. The activity of cuprous
sulfide could have been calculated independently of
11
Schuhmann and Moles' equilibrium constant through use of
the relationship
dlog a~u2S =2 d log aCu + 0log 'H2S
substitution in equation (7) of Appendix D, and subsequent
integration of the resulting differential equation.
VI-2. Activities of -Copper and Iron as Derived by
Gibbs-Duhem Integration in the One Phase Field
Following the work of Darken1 8 , Wagner19 , and others'7
Schuhmann20 has developed the method of Gibbs-Duhem integra-
tion in a single phase field of a ternary system which was
used in this study. Applied to this system the equations
for the calculation of copper and iron activities are as
follows:
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Activity of Cu2 S Along High Sulfur Boundary of Miscibility Gap 135000
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The superscript m refers to the value of quantity on
the boundary of the miscibility gap.
Graphical integration was carried out for both copper
and iron at the following five values of beta;
0.20, 0.40, 0.50, 0.60, and 0.66. A separate integration
was, of course, necessary for each value of 4 . From
Figure 43 it may be seen that the experimental iso-sulfur
activity lines are very close to the miscibility gap at the
copper-sulfur side of the phase diagram but diverge away
from it asAd increases. This behavior caused no difficulty
at lower values of / (up to roughly 0.3),but at higher
values no accurate measurement of the rate of change of
sulfur activity with (X was available. As may be seen from
Figure 43, the rate of change is comparatively small in this
region, and no large error would be introduced in the
calculated activity values through an estimation error in
the gradient. Figure 51 was then constructed by relating
the experimental data of the one phase field to that in the
miscibility gap by means of smooth curves along lines of
constant /$ . From this figure values of O( were taken at
the several values of /S for values of minus log PH2S/E'H 2
equal to 2.1, 2.2, and 2.3. These results were then plotted
in Figure 43 and yielded estimated lines of iso-sulfur
activity for these values for aid in subsequent integration.
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Figure 52 presents the results of the integration for
copper, and Figure 53 for iron. The data of Schuhmann and
Moles ( /4 = 0) is included in Figure 52 for comparative
purposes. It is seen that generally both the activity of
iron and copper decrease very rapidly with increasing ;
an exception to this occurs in the case of copper at high
values of /3 , but this persists only over a certain range
of C( values before assuming the more characteristic type
of variation. It is to be noted that the very gross varia-
tion of the copper and iron activity occurs over a very small
composition range along lines of constant /3 ; the correspond-
ing change in sulfur content is approximately 5%, for
example from 26.5 to 28% sulfur by weight. This is a
consequence.of the large variation in the sulfur pressure
over this range.
11
Using again the equilibrium constant for the reaction
Cu2S(1) + H2 (g) O- 2Cu(l) + H2S(g)
it was possible to calculate the activity of Cu2S. The
activity of Cu28 along the join Cu2S - FeS is plotted
against mole fraction of FeS in Figure 54. A negative
deviation from ideality is indicated. This is quite in-
teresting when the orientation of the tie lines in the mis-
cibility gap near the copper-sulfur side of the phase diagram
is considered. (See Figure 38) The tie lines connect
melt compositions of the same sulfur activity; they also
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connect compositions of the same copper and iron activity.
Since the mole fraction of copper is less in the high sulfur
phase than it is in the low sulfur phase, the copper in the
ternary high sulfur melt must deviate less positively from
ideality than does the copper in the low sulfur ternary
solution. Conceivably, with the appropriate tie line orienta-
tion, it is possible to have two solutions in equilibrium
in which an element deviates positively from ideality in
one of the solutions and negatively from ideality in the other.
Although no attempt is made at the present time to
correlate structure with the thermodynamic properties, the
following relationships appeared during the one phase integra-
tion for copper and iron and are considered worthy of note,
log allu. 
-5
-.50
log PHi2S/?Ht
log aH2/Pj 4 = -1. Olog aF
-Log PR2S/PH
These values are equal to the ratio of sulfur atoms to metal
atoms in Cu2 S and FeS respectively.
Gibbs-Duhem integrations were not carried out at higher
values of than those corresponding to the limit of iron
solubility in the miscibility gap liquids chiefly because
of the lack of a convenient reference point. Sulfur pressure
measurements are not yet available in the two phase field,
matte and solid gamma iron. When they are, the present
data may be used for further calculation of copper and iron
activity in the one phase -region referred to convenient
reference states.
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VII. Applications to Copper Smelting Practice
As indicated by the isothermal sections of the phase
diagram presented earlier, it'is possible to perform a
number of operations relative to up-grading a matte in
copper merely by cooling. Several examples of this could
be cited but are evident from Figure 7 and Figures 36
through 38. Included in these is the precipitation of a
solid iron-copper alloy from mattes not containing oxygen,
the precipitation of metallic copper from mattes only
slightly higher in copper content, and use of the mis-
cibility gap' for gross refining steps.
One of the principal operating difficulties in copper
smelting as generally practiced in this country is the
accumulation of solid magnetite on reverberatory furnace
bottoms. Figures 36 through 38 indicate that even if
oxygen were rigorously excluded from commercial practice,
the problem of the precipitation of a solid phase would
still be present; now, however, the solid would be an
iron-copper alloy. Under these circumstances, the problem
could be controlled by (a) the temperature, and (b) the
sulfur content. The higher the temperature the lower the
sulfur content must fall prior to the precipitation of the
solid phase. Indications of this research are also that
it would be possible to operate at somewhat higher sulfur
1 0
contents due to the initial slow rate of sulfur activity
increase when moving from the iron saturation boundary
toward the sulfur corner. Further research is needed in
the vicinity of the iron saturation boundary of mattes to
delineate this exactly. A practical means of increasing
the sulfur pressure in the furnace would result in allevia-
tion of the magnetite-problern.
The present research shows a very rapid decrease in
iron activity with sulfur content. (Figure 53) The pre-
cipitation of magnetite is a function of both the oxygen
pressure and the iron activity of the system as may be
seen by the following relationship :
(1) 3Fe(matte) + 4 0 (matte) " Fe004 (solid)
or (2) 3Fe(matte) + 202(g) i Fe304 (solid)
2 PO22
(3) P02 = k2 ape
Equation (3) states that the oxygen pressure necessary to
precipitate magnetite varies with the three-halfs power
of the iron activity. The latter, as has been already
pointed out, is a very sensitive function of sulfur content.
Therefore it is seen that control of sulfur is potentially
a powerful means of combating magnetite precipitation.
Nothing more quantitative can be stated as yet due to the
lack of information on the effect of oxygen on iron activity;
this, however, is the subject of a forthcoming research.
VIII. Summary and Conclusions
Sulfur activity measurements were made in the copper-
iron-sulfur system at 11500, 12500, and 13500C. The one
phase liquid matte field, the two liquid phase field, and
the two liquid-one solid phase field were studied thermo-
dynamically. In the latter three phase field- the follow-
ing relationship was found:
log PH2S/PH2 = -2390/T - .89
This work resulted in a verification of the most
recent work done on the location of the miscibility gap
in the binary copper-sulfur system; Figure 27 represents
the bdst available information on this region. The ternary
miscibility gap was located at three temperatures and is
thought to be more correct than earlier work. (Figure 36-38)
A minimum in sulfur activity was found to occur in
the miscibiliyat 13500C; no similar minimum was found
at 11500 and 125000. This minimum appears to occur when
the tie line coincides with a line of constant iron to
copper ratio. The value of this ratio on a. molar basis
was found to be 0.5.
Sulfur pressure measurements in the one phase liquid
matte indicated generally an exceptionally high rate of
increase of sulfur activity with sulfur content. The
logarithm of hydrogen-sulfide-hydrogen ratio varied linearly
with the molar sulfur to copper ratio, at a constant iron
to copper ratio, over the major part of the experimental
range.
An original method of Gibbs-Duhem integration was
used to calculate iron and copper activities in the mis-
cibility gap at 1350 0. Iron and copper activity in the
metallic liquid phase were found to follow a pattern of
behavior similar to that in the binary system. The calculated.
activity of cuprous sulfide was found to be a linear function
of the iron-copper ratio of the matte phase over a wide
range of composition.
Copper and iron activities in the one phase liquid
matte field were derived by Gibbs-Duhem integration from
the sulfur activity measurements at 1350 0C. The activities
of both copper and iron generally decreased sharply with
increasing sulfur content. The calculated activity of
cuprous sulfide along the join cuprous sulfide-ferrous
sulfide indicated negative deviation from ideality.
IX. Suggestions for Further Work
Schuhmann has outlined a long range program of research
designed to provide a sound physio-chemical basis for copper
smelting. The suggestions made here are therefore restricted
only to the copper-iron-sulfur system.
.Further sulfur activity measurements are needed in the
one phase region to verify the present findings which were
made over a wide range of iron to copper ratios. These
measurements should begin from the two phase boundary and
extend into the one phase region to as high sulfur pressures
as may be conveniently measured.
The two phase field, matte plus solid iron, requires
investigation both with respect to sulfur activities and
rigorous location of the phase field boundary. This could
be combined into a single research effort. In this respect
reference is made to the preliminary work of this investiga-
tion relative to the use of iron crucibles.
The region between an iron to copper ratio of 0.6 to
0.7 and extending into the one phase region from the two
phase boundary limit appears to be scientifically a very
interesting one at 135000. There is initially a relative
insensibility of sulfur activity to sulfur content followed
by the more characteristic behavior. Probably other means
of investigations, such as conductivity measurements, would
indicate more clearly the transition in properties of the
solution.
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APPEKDIX
A. Detailed Account of Gas Analysis Procedure
Reference: Figure 21
Case I: Hydrogen-hydrogen sulf'ide gas mixture containing
more than 5% hydrogen sulfide. Flush-type sample.
At the start the analytical system is under evacuation,
mercury level in left leg of manometer is at the 77.50
centimeter mark, and stopcocks 2, 3, and 5 are open while
the others are closed. Water thermostat in place. Stop-
cock 5 is closed. Stopcock 7 is opened very slowly and
gas allowed to enter the evacuated volume. Flow must be
slow enough so as to permit most of furnace exit gas to
leave by its normal -route to waste. Admit gas to approxi-
mately one atmosphere. Open stopcock 7 completely. Open
stopcock 1 and bring mercury level back to approximately
the 77.50 centimeter mark in the left leg. Close stopcock
1. Open stopcock 4 slowly. Stop furnace exit gases from
leaving their usual route by clamping tube in waste line.
Furnace gases are now flushing through analytical system;
allow to flush for ten to fifteen minutes. Open normal
furnace gas exit line. Close stopcocks 3, 4, and 7. (Z)
Open stopcock 5. Open stopcock 1. Set mercury level
exactly at 77.50 centimeters. Close stopcock 1. Read
right leg, mercury barometer, and temperature of water
thermostat. Close stopcock 2. Remove water thermostat.
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Wipe bulb and tubes dry. Place liquid nitrogen bottle
around analytical bali to immerse as much of system as
possible. Open stopcock 1; lower mercury level until
height of two columns totals approximately 79 centimeters.
Close stopcock 1. Open stopcock 2 slowly. Allow 10 minutes
for freezing. Close stopcock 2. Keep the liquid nitrogen
containers both on analytical bulb and in cold trap full
during entire procedure. Open stopcock 3 slowly and close.
Open stopcock 2 slowly. Allow five minutes for freezing.
Close stopcock 2 and open and close stopcock 3 slowly. Open
stopcock 2 slowly. Allow 3 minutes for freezing. Repeat
this procedure at least 3 more times allowing 3 minutes for
freezing and until there is no detectable movement in the
mercury level when stopcock 2 is opened. With stopcock 2
open, open stopcock 3. Pump for at least 7 minutes. Close
stopcock 3. Remove liquid nitrogen bottle. Replace with
water. thermostat and stir. water for a few minutes until
thermometer reaches a steady temperature. (*) Set left leg
of mercury column at 77.50 centimeters. Read right leg,
barometer, and temperature of water thermostat.
Case II: Hydrogen-hydrogen sulfide gas mixture containing
less than 516 hydrogen sulfide. Flush type sample.
Same as Case I to (*) above. Open stopcock I and
allow mercury to rise very slowly into Y joint below stopcock
2. When cut-off is made, close stopcock 2. -Raise mercury
level in left leg to 100 centimeter mark. Close stopcock
1. Stir water in small thermostat with thermometer. Read
right leg, barometer, and small thermostat temperature.
Open stopcock 1, lowering mercury level below Y joint.
Close stopcock 1. Open stopcock 2. Stir water in large
thermostat well. Repeat gas cut-off and compression pro-
cedure as a check on previous reading.
Case III: Gas coming from flow train, either high or low
hydrogen sulfide content, batch-type sampling.
Same starting position of stopcocks as in Case I. Close
needle valve 8. Open stopcock 6. Wait five minutes. Close
.stopcock 6. Wait 5 minutes. Close stopcock 5. Open
stopcock 6. Slowly open valve 8. Maintain total flow through
final flowmeter same as before by closing slightly valve
to furnace. Allow gas to enter analytical system to
approximately 1 atmosphere. Close stopcocks 6 and 3.
Adjust valve in furnace line to give same flow as before.
Continue from point (Z) in Case I using appropriate
method at point (*) for given gas.
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B. Value of Compression Ratio
as a Function of Initial Pressure
In Gas Analysis Apparatus
In order to study the effect of initial pressure on
the observed value of the compression ratio, it was
necessary to have a method of -accurately providing a known
small amount of gas in the system. This was done by deter-
mining the ratio of the total volume of the analytical
system that was bounded by the mercury level at the 77.50
centimeter mark and stopcocks 3 and 4,(reference Figure 21)
to the volume to the right of stopcock 2. and above the
77.50 centimeter mark. Hydrogen sulfide was admitted to
the system until approximately one atmosphere pressure
was reached. Pressure and temperature were recorded.
Stopcock 2. was closed. System to left of this stopcock
was evacuated. Gas to the left of stopcock 2. was allowed
to expand into the entire volume. Pressure and temperature
were read. Six such tests gave an average value for this
ratio of 11.296 with a probable error of .011. Knowing
this ratio it was possible to accurately provide a certain
small amount of hydrogen-sulfide for the planned experiments
by admitting 11.296 times the desired amount and following
the procedure indicated above except for the second pressure
and temperature measurement. This procedure will hereafter
be referred to as the duplex method.
Figure 55 indicates the apparent compression ratio
for the small quantities of gases obtained through use of
the duplex method. It illustrates the error discussed in
a earlier section due to lack of complete evacuation. This
may be best seen from a consideration of a specific example.
Assume hydrogen sulfide is admitted to the system to a
pressure of 5 centimeters. 1/11.296 tIs of this gas remains
after the duplex procedure is carried out assuming complete
evacuation of the system to the left of stopcock 2 is
achieved. The pressure in the system is calculated to be
5/11.296 or 0.443 centimeters. However, if evacuation can
only be done to the 100 micron level, then there is
actually a pressure of 0.453 centimeters in the system
prior to compression. If the true volume ratio in compression
is 15.56 then the pressure after compression is 15.56 x 0.453
or 7.05 centimeters. Actually, however, from the experiment
the apparent compression ratio would be 7.05/.443 or 15.92.
Ideal gas behavior is assumed throughbut:1thicdi..scussion
since all pressures are low. These experiments indicated
a relatively accurate method of measuring the level of
vacuum in the system without making use of auxiliary gauges
appended to the system. This technique could be generally
used for measuring vacuum and is described in Appendix C.
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C. -Measurement of Vacuum Level in
System -by Using a Trace Gas.
The following technique could be used to measure the
vacuum level of the system quite accurately. Reference is
made to Figure 21. Admit gas to the system to a pressure of
about six centimeters of mercury. Read pressure and tempera-
ture with mercury at 77.50 centimeter mark in left leg.
Close stopcock 2; evacuate apparatus to the left of this
stopcock 2. Open stopcock 2 and allow gas to expand into
the entire apparatus. The pressure in the system is now
the initial pressure divided by 11.296 plus the pressure
due to the unevacuated gas. (Correction made for tempera-
ture difference). Raise mercury level cutting off a
fraction of the gas at the Y joint; and after closing
stopcock 2,compress the gas to the .100 centimeter.mark.
Let PC equal the pressure of this compressed gas..
Let Pe equal the unknown pressure to which the system is
evacuated. Let Pi equal the initial measured pressure of
the gas. (All pressures must be corrected to a common
temperature). The following equation may be written:
PC =15.42 (Pi/11.30 + Pe)
or Pe - -
15.42 11.30
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D. Derivation of Equations for Gibbs-Duhem-
Integration in a Miscibility Gap of
26a Ternary System
The general Gibbs-Duheme relationship for a ternary
system may be written for each of the two phases in
equilibrium:
(1) N1 d log a, + N2 d log a 2 + N3 dlog a 3  0
(2) N d log a,+ N2 dlog a2 + N ~d log a3 = 0
(1, 2, and 3 refer to the components of the system.
N is equal to the mole fraction of the component in a
particular phase. N and N refer to the two phases.)
If the activity of each component in both phases is
referred to the same standard state, then, at equilibrium,
the activity of each component will be the same in eacn
phase. Consequently if one of the three activities is
experimentally measured, equations (1) and (2) are two
simultaneous equations involving two unknowns and may be
readily solved.
For convenience, the following quantities are defined:
0(= N3/Ni /= N2/N1
C(= N3W/Nl"' ,A'=l2/
Rewriting equations (1) and (2) in terms of these
quantities, we obtain the following:
J3"G
(3) log al + 1dlog a2 + log a3  0
(4) dlog a + 1'g a2 + OK±og a3 = 0
Assuming that a3 is experimentally determined, a, and
a2 may be obtained as follows: multiply equation (3) by
and equation (4) by /I
- (5)/4log a1 +4"dlog a 2 + O('Id.og a3 0
(6)/d og al + 49df og a 2 +o'4log a3  0
subtracting equation (6) from equation (&), the following is
obtained:
4g) dlog a1 + (4) o log a3 = 0
(7) dlog al 4Mlog a3
Similarly we may subtract equation (4) from equation (3)
directly,
t --/f og a2 + (o(- oL' ) flog a3 = 0
(8) -dlog a2  - j .og a3
Equations (7)'and (8) may be integrated giving
equations (9) and (10) respectkvely
(9) log a1 = log a1  I/ ( / log a3
(1) log a2 = log a2  of log a3
*denotes known activity at some reference point.
1.37
In this investigation.component 1 was copper, component 2
was iron, and component 3 was sulfur. The unprimed symbols
refer to the high sulfur or matte phase; the primed symbols
refer to the low sulfur., or more metallic, phase. The
activity of sulfur was defined as being eq ual to the ratio
of hydrogen sulfide to hydrogen in the equilibrium gas.
